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BACKGROUND AND PURPOSE: Symptomatic hemorrhagic transformation (HT) is a sig-
nificant complication of intravenous and catheter-based reperfusion. We hypothesized that the
degree of vascular insufficiency, reflected as hypoattenuation on initial CT angiography (CTA)
axial source images, is predictive of HT risk in stroke patients receiving intra-arterial reper-
fusion therapy.

METHODS: We examined initial CTA source images and follow-up CT scans in 32 consec-
utive patients. Regions of interest were semiautomatically segmented and reviewed. Mean
intensity was determined in the region of maximal hypoattenuation and in normal contralateral
tissue, and the arithmetic difference (�HU) calculated. Receiver operator characteristic (ROC)
curves and cross-validation were used to identify threshold �HU values.

RESULTS: Thirteen patients had HT on follow-up CT (seven with parenchymal hematoma,
six with hemorrhagic infarction). Patients with and those without HT did not differ in age,
blood glucose level, lesion volume, or time to treatment or recanalization, though the former
had a greater mean �HU (9.0 vs 6.3, P � .006). The ROC threshold at �HU > 8.1 was 69%
sensitive and 90% specific for patients who developed HT (odds ratio � 19.1; 95% confidence
interval: 2.9, 125; P � .002) and was predictive of poor clinical outcome (modified Rankin scale
score >2, P � .03). Neither HT in general nor parenchymal hematoma subtype was associated
with poor outcome.

CONCLUSION: The degree of hypoattenuation on initial CTA source images is a risk factor
for HT and poor clinical outcome after intra-arterial reperfusion therapy. Prospective valida-
tion of this relationship in large populations may permit feasible real-time risk stratification.

Hemorrhagic transformation (HT) can mitigate the
benefits of intra-arterial reperfusion therapy involv-
ing the use of catheter-based chemical agents (tissue-
type plasminogen activator [tPA], platelet glycopro-
tein inhibitors) or mechanical devices (microcatheters
and shaped wires). Although pro-urokinase delivered
within 6 hours of stroke onset reduces the incidence
of disability in patients with occlusion of the middle
cerebral artery stem, hemorrhage rates are increased
(1, 2). Although symptomatic HT increases morbidity

and mortality (3–9) and although parenchymal hema-
toma (PH) may be associated with deterioration, pe-
techial hemorrhagic infarction (HI) may be a marker
of early reperfusion in some patients after the intra-
venous (IV) administration of tPA (4, 10, 11).

There is currently no screening imaging method to
predict HT. The volume of nonenhanced CT abnor-
mality is only weakly correlated with clinical outcome
after IA thrombolysis (12). Proposed CT predictors of
HT after IV tPA therapy are early large territorial
ischemic change or hypoattenuation (3, 13–17).
Quantification of reductions in the apparent diffusion
coefficient on diffusion-weighted MR imaging may
help predict hemorrhage (18–22); however, its utility
has not been validated in a large series.

The use of CT angiography (CTA) with CT perfu-
sion imaging is a feasible, low-cost method for the
evaluation of patients with acute stroke (23–28). With
current CT scanners, the neurovascular system from
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the aortic arch to the vertex can be screened within 5
minutes by using a single bolus of contrast material
(24–26), and the simultaneously acquired contrast-
enhanced axial CTA source images are blood-volume
weighted (23, 28). Hypoattenuation on these whole-
brain CTA source images is attributable to early isch-
emic edema and a diminished contrast agent–ex-
changing blood pool. Results of pilot studies have
suggested that hypoattenuation on CTA source im-
ages delineates ischemic tissue likely to be irreversibly
infarcted and that lesion volume on CTA source im-
ages is a stronger predictor of tissue destiny and
clinical outcome than the initial scores on the Na-
tional Institutes of Health Stroke Scale (NIHSS)
(28–30).

We sought to determine whether the degree of
hypoattenuation on CTA source images is a risk for
HT or poor outcome in patients receiving intra-arte-
rial reperfusion therapy for acute occlusion of the
middle cerebral or basilar artery.

Methods
We retrospectively reviewed the clinical and imaging find-

ings of 38 consecutive patients treated with IA reperfusion
therapy for proximal occlusion of the middle cerebral or basilar
artery within 6 hours of symptom onset. Patients who presented
with significant neurologic disability with CTA evidence of
middle cerebral or basilar artery occlusion and those in whom
the clot could be accessed within 6 hours of symptom onset
were selected to receive IA reperfusion therapy. Patients who
presented within 3 hours of onset and who were eligible for IV
tPA were treated with a 0.09-mg/kg bolus (10% based on a
0.9-mg/kg dose), followed by an IV infusion of tPA until the
clot was accessed. Six patients were excluded: four who did not
undergo CTA, one who was treated with a laser device, and one
who died from vessel rupture during treatment.

NIHSS scores were recorded in the emergency department.
All patients received nonenhanced CT, immediately followed
by CTA of the circle of Willis and skull base. Synchronous
whole-brain perfused blood-volume imaging was performed, as
is our routine practice (23). Routine nonenhanced head CT
was performed by using a helical CT scanner (High-Speed
Advantage; GE Medical Systems, Milwaukee, WI) in the emer-
gency department. This was followed immediately by helical
scanning during the administration of 90–120 mL of nonionic

contrast agent (Omnipaque 300, Nycomed Inc./Nycomed AS,
Roskilde, Denmark) at 3 mL/s with a 25-second prep delay. All
scans were performed with 140 kVp and 170 mAs. Section
thickness was 5 mm for nonenhanced scans and 3 mm for CTA
source images.

Treatment included IA tPA alone, IA tPA with IV eptifi-
batide or abciximab (n � 17), or IA tPA after a partial dose of
IV tPA started within 3 hours of symptom onset (bridging
therapy, n � 5). A team of experienced interventional neuro-
radiologists performed IA reperfusion therapy by using estab-
lished techniques for tPA infusion and mechanical clot manip-
ulation (31). Patients who had residual thrombus after
fibrinolytic therapy or who underwent substantial mechanical
clot manipulation also received platelet glycoprotein inhibitors
to prevent rethrombosis. Pretreatment and posttreatment ar-
teriograms of the involved vessels were obtained, and the
elapsed time between stroke onset and recanalization or pro-
cedure termination was recorded.

HT was graded according to the method of European Aus-
tralasian Acute Stroke Study (17) by means of blinded consen-
sus interpretation of any nonenhanced CT images acquired
during the first 8 days of the patient’s admission and medical
record review. HT was classified according to clinical and
radiologic criteria. HI 1 was defined as small petechiae along
the margins of the infarct; HI 2, as confluent petechiae in the
infarcted area but no space-occupying effect. PH 1 was defined
as blood clots in 30% of the infarcted area with some slight
space-occupying effect; PH 2, as blood clots in �30% of the
infarcted area with a substantial space-occupying effect.

Postprocedural contrast enhancement was differentiated
from hemorrhage by means of serial CT examination or, in
some cases, MR imaging with susceptibility (32). Intracranial
hemorrhage was defined as symptomatic if the patient had
clinical deterioration causing an increase in the NIHSS score of
�4 and if the hemorrhage was likely to be the cause of his or
her clinical deterioration (33). However, when edema or hem-
orrhage as the leading pathology was in doubt, an association
of the hemorrhage with the deterioration was assumed. Clinical
outcome was defined by using modified Rankin scale (mRS)
scores at 3–6 months after initial presentation, as determined
by reviewing the hospital’s outpatient stroke database. Our
institutional review board approved our retrospective review of
all medical and imaging data.

The 3-mm-thick whole-brain CTA source images were eval-
uated for ischemic regions by identifying areas of relative hy-
poattenuation. By using a semiautomated software package
(Alice; Parexel Corp., Waltham, MA), these ischemic regions
of interest were visually segmented (Fig 1) to determine the
volume and degree (measured in Hounsfield units) of lesion

FIG 1. Schematic (A) and contrast-en-
hanced (B) CTA source images display re-
gion-of-interest segmentation. Single-sec-
tion total lesion volume is the entire region
of hypoattenuation on the section contain-
ing the core (TL, green). Single-section le-
sion core is the region of maximal hypoat-
tenuation in the right insula (C, dark blue),
compared with normal mirror-image tissue
in contralateral left insula (NL, light blue).
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hypoattenuation. A core lesion was defined as the region of
maximal hypoattenuation on a single contrast-enhanced axial
section. The mean degree (Hounsfield units) of this lesion was
determined. To correct for any within-scan variability, this
segmented core was compared with a mirror-image contralat-
eral region of uninvolved tissue (Fig 1). These mirror-image
normal regions were matched for gray-white constituents; no
CSF spaces, blood vessels, or other volume-averaged tissue
were included. Three readers (L.H.S., M.H.L., E.S.R.) who
were experienced in the interpretation of stroke CT scans and
who were blinded to the patients’ clinical histories, lateraliza-
tion of symptoms, follow-up imaging and clinical outcomes
analyzed the images. All imaging studies were independently
interpreted during multiple reading sessions by using optimal
window width and center level settings to identify subtle dif-
ferences between normal and hypoattenuating brain paren-
chyma (34). Disagreements in ratings were resolved by means
of consensus blinded review.

A score for the degree of maximal hypoattenuation score
(�HU) was calculated on the section containing the region of
maximal hypoattenuation by subtracting the mean HU of the
core from the mean HU of the contralateral normal tissue.
Compared with findings on the CTA source images, hypoat-
tenuating areas on the admission nonenhanced CT images
were typically ill-defined, with indistinct borders. Therefore,
segmentation of maximally hypoattenuating regions on nonen-
hanced CT was achieved only by mapping the segmented re-
gions of interest on the CTA source images to corresponding
locations on the non-coregistered, nonenhanced CT images. A
post hoc �HU was then calculated for the nonenhanced CT in
the same manner as for the CTA source images.

The resulting �HU values were compared between patients
with and those without HT by using a two-tailed t test, the Fisher
exact statistic, or the odds ratio (OR) with 95% confidence inter-
vals (CIs), as appropriate. A receiver-operator characteristic
(ROC) curve was constructed to determine a �HU threshold
associated with subsequent HT. A cross-validation leave-one-out
approach (35) was performed to test the effects of outliers on this
threshold. The �HU value and the presence of HT were also
tested for likelihood of poor clinical outcome (mRS � 2), as in the
Prolyse in Acute Cerebral Thromboembolism trial (36).

Results

Thirty-two patients were included in the analysis
(Table 1). Thirteen (40%) had evidence of HT on
follow-up, and seven had PH. HT was symptomatic in
one patient with PH. None had acute pulmonary
edema or renal dysfunction due to the contrast agent
for CT or conventional angiography, and the scanning
procedure did not delay treatment. We found no
significant differences between the HT and non-HT
groups with regard to relevant clinical and imaging or
treatment variables, including timing and/or degree of
recanalization. The main finding was that patients
with HT had a mean �HU on CTA source images
greater than that of patients without HT (9.0 vs 6.3,
P � .006). However, mean �HU values were not
significantly different for patients with HT and PH
versus those with HT but not PH (9.0 vs 6.9, P � .14)
(Table 2).

The ROC curve for �HU demonstrated that the
operating point of �HU �8.1 had 69% sensitivity and
89% specificity for predicting HT after IA therapy
(OR � 19.1; 95% CI: 2.9, 125; P � .002, Fisher exact
statistic) (Fig 2). Application of this threshold pro-
duced two false-positive and four false-negative pre-
dictions of HT, the smallest total error in predicting
HT for any single threshold (Fig 1). Cross-validation
to test for the effect of outliers resulted in seven
false-positive or false-negative results (22%), com-
pared with six errors (19%) under the ROC curve–
derived threshold. This finding confirmed that no
single data point overly influenced the prediction
mode. (The optimal threshold remained at �HU
�8.1 for 31 of 32 omissions and �HU �7.9 for one of
32 omissions.) The area under the ROC curve for the
accuracy of predicting hemorrhage by using CTA
source images was 81% compared with 76% (P � .54)

TABLE 1: Characteristics of patients with and without hemorrhagic transformation after IA reperfusion therapy

Hemorrhagic
Transformation

No Hemorrhagic
Transformation

P
Value

Patient demographics
Number of cases 13 19
Mean age (years) 65.2 67.9 .63
Female (%) 46.2% 52.6% .99

Clinical characteristics
Left-hemispheric MCA lesions (%) 33.3% 38.5% .20
Mean initial NIHSS score 19.9 17.6 .20
Mean initial serum glucose (mg/dl) 186 173 .63
Patients on antithrombotics (%) 53.8% 42.1% .99

Treatment characteristics
Mean time from symptoms to initial image (hours) 2.04 1.77 .56
Mean time from symptoms to treatment (hours) 4.33 4.22 .80
Mean time from treatment to recanalization (hours) 0.92 0.95 .92
Patients with recanalization �6 h after onset (%) 69.2% 57.9% .71
Patients receiving GP-IIbIIIa inhibitors (%) 54.0% 52.9% .99
Patients receiving IV tPA (%) 15.4% 15.8% 1.0
Mean dose IA tPA (all patients) (mg) 13.7 10.9 .31
Mean total dose tPA (IV � IA patients) (mg) 24.5 22.9 .87

Note.—GP indicates glycoprotein; IA, intraarterial; IV, intravenous; MCA, middle cerebral artery; NIHSS, National Institutes of Health Stroke
Scale; tPA, tissue plasminogen activator.
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derived for nonenhanced CT images segmented on
the basis of the CTA source images.

A �HU value of �8.1 on admission CTA source
images was also predictive of poor clinical outcome at
3–6 months. Patients with �HU �8.1 were more
likely than those with �HU �8.1 to have an mRS
score of �2 at follow-up (82% vs 38%; OR � 7.3;
95% CI: 1.2, 42.8; P � .03, Fisher exact statistic). The
presence of HT in the poor outcome group did not
entirely account for this association. Although poor
outcomes were more common in patients with HT
than in those without HT (69% vs 42%; OR � 3.1;
95% CI: 0.7, 13.7; P � .17, Fisher exact statistic), and
in those with PH compared with those without PH
(71% vs 48%; OR � 2.7; 95% CI: 0.4, 16.7; P � .40,
Fisher exact statistic), these trends were not statisti-
cally significant.

Nonenhanced CT images analyzed after the CTA
source images in post hoc fashion showed a similar
relationship, though the �HU value was objectively
less conspicuous. On nonenhanced CT images, mean
�HU was greater in patients with HT than in patients
without HT (5.8 vs 3.3, P � .02) (Table 2). The ROC
curve for �HU constructed from the post hoc seg-
mented nonenhanced CT images revealed that, at an
operating point of �HU �3.8, sensitivity was 85%
and specificity was 68% for identifying patients who

developed HT after IA therapy. However, for this
dataset, these values were not statistically significant
(OR � 2.8; 95% CI: 0.7, 11.6; P � .29). In a paired t
test, CTA source images generated greater lesion
conspicuity (ie, �HU) than the nonenhanced CT im-
ages in all patients (7.4 vs 4.3, P � .00001) and in the
subgroup who subsequently developed HT (9.0 vs 5.8,
P � .0006).

Discussion

Identifying predictors of HT may improve the se-
lection of patients for reperfusion therapy. Although
predictors of HT on nonenhanced CT after IV tPA
treatment have been described (3, 13–17, 36, 37),
little is known about predictors of HT after IA reper-
fusion therapy. Focal hypoattenuation on CTA
sourceimagesmayreflectaprofounddegreeofischemia-
induced endothelial injury with increased risk of
reperfusion hemorrhage (18) or inadequate lepto-
meningeal collateral blood flow (26, 28, 38). Our data
suggested that axial source images are readily ac-
quired and that they provide a visually detectable
threshold of hypoattenuation without postprocessing
that is a powerful independent predictor of both HT
and poor outcome after IA reperfusion. The ROC-

FIG 2. Relationship between �HU of the
lesion core and the likelihood of hemor-
rhage after IA reperfusion therapy. A, ROC
curve from which an optimal �HU threshold
was selected. B, Scatterplot of patients with
or without HT after IA reperfusion therapy.

TABLE 2: Imaging findings in patients with and without hemorrhagic transformation after IA reperfusion therapy

Hemorrhagic
Transformation

No Hemorrhagic
Transformation P Value

CTA-SI (prospective segmentation)
Total lesion volume (ml) 51.5 30.8 .20
Single slice lesion volume on slice containing core (ml) 2.5 2.0 .46
Core lesion volume (ml) 0.24 0.32 .06
Single slice lesion mean �HU (HU) (normal tissue HU

� single slice lesion HU on single slice containing core)
3.6 3.2 .63

Core Mean �HU (HU) (normal tissue HU � core lesion HU) 9.0 6.3 .006
Unenhanced CT (post hoc segmentation)

Single slice lesion mean �HU (normal tissue HU � single
slice lesion HU on single slice containing core) (HU)

5.8 3.3 .02

Note.—CT indicates computed tomography; CTA-SI, computed tomography angiography source images; �HU, Hounsfield units.
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curve threshold remained robust under a cross-vali-
dation analysis, even in this small cohort.

Regions of abnormality on the nonenhanced CT
usually cannot be segmented prospectively because of
their ill-defined borders; areas of abnormality are
more conspicuous on CTA source images. Previous
data from coregistered subtraction analyses suggest
that, among patients treated with IA reperfusion
therapy, a large fraction of CTA hypoattenuation in
the 3–6-hour range is due to change in cerebral blood
volume and not tissue attenuation visible on nonen-
hanced CT alone (39). This increased conspicuity can
improve the accuracy of localizing ischemia compared
with the accuracy of reviewing nonenhanced CT scans
(40). For the group developing HT, regions of hy-
poattenuation on CTA source images were 55% more
conspicuous (by mean �HU) than on the correspond-
ing initial nonenhanced CT images; likewise, the de-
rived prediction threshold was 113% more conspicu-
ous. The small threshold of �HU �3.8 determined on
post hoc analysis of nonenhanced CT images offered
one reason why regions of hypoattenuation on non-
enhanced CT could not be segmented until CTA
source images were viewed. At the low-contrast de-
tectability of current CT scanners (image noise stan-
dard deviations of about 0.3%–0.5%, or 3–5 HU)
(41), small differences may not be visually appreci-
ated on nonenhanced CT.

More than 20 years ago, investigators recognized
that delayed CT after a high-dose infusion of iodin-
ated contrast agent can depict early breakdown of the
blood-brain barrier in patients with acute stroke and
normal nonenhanced CT scans who presented within
28 hours of symptom onset. Patients with this finding
were at high risk for HI and thought to be unsuitable
candidates for surgical reperfusion therapy or sys-
temic anticoagulation (42). Ischemic regions that
were invisible on scans obtained with their early-
generation CT scanners are likely to be evident on
images acquired with today’s high-resolution scanners
and reviewed by adjusting the window width and
center level to display the full DICOM dataset (34).
However, the authors demonstrated that they could
heighten the sensitivity of conventional CT by using
iodinated contrast agent and thus identify patients at
increased risk of brain hemorrhage with reperfusion
therapies. In this sense, Hayman et al were pioneers
who blazed a similar trail to ours more than 2 decades
ago (42).

Our study had several limitations. For instance, the
method of semiautomated image segmentation by
means of visual inspection may have been subject to
bias. Scans suggestive of a poor prognosis for reasons
other than hypodensity such as presence of tumor
may potentially be segmented differently or given
increased attention. To anticipate these concerns,
segmentation was performed in a blinded manner,
and all regions were verified by consensus. In addi-
tion, all CTA source images were analyzed before the
nonenhanced CT scans were reviewed. Furthemore,
our cohort might not have been large enough to
demonstrate that PH is a significant risk factor for

poor clinical outcome or to detect other potential
confounders, given the low frequency of symptomatic
HT. Findings in this cohort of patients treated with
IA reperfusion therapy could not validate the obser-
vation that HI in patients treated with IV thrombol-
ysis may be a marker of early reperfusion (11). In
addition, the use of mechanical clot manipulation
and, in some patients, the use of IV tPA before or
platelet glycoprotein inhibitors after IA tPA may have
introduced unaccounted for variability. Because the
number of these patients is small, the lack of any
subgroup differences may reflect type I error rather
than a true lack of effect. Last, many scans were
obtained longer than 3 hours after symptom onset,
and whether the hypoattenuation threshold deter-
mined from this dataset is generalizable to CT scans
obtained within 3 hours after symptom onset or to
cohorts receiving different patterns of subacute care
is unclear. Further studies in a dataset larger than
ours are needed to verify whether the relationship
between hypoattenuation on CTA source images and
HT persists after investigators adjust for these factors
in a formal logistic regression.

Conclusion

Notwithstanding these limitations, detecting an 8
HU difference between a region of maximal hypo-
attenuation on CTA source images and the contralat-
eral normal tissue is straightforward and easily ap-
plied at the CT scanner or a low-cost image
workstation. This difference may help in identifying
patients who are at increased risk of hemorrhage or
poor clinical outcome after intra-arterial reperfusion
therapy.
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